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IHTRODUCTION 

F u e l s  w i t h  l o w  H/C r a t i o s  a r e  p a r t i c u l a r l y  prone t o  soot  produc- 
t i o n  during combustion: aromatic spec ie s  g e n e r a l l y  (bu t  no t  un iversa l -  
l y )  do so more r e a d i l y  than a l i p h a t i c s .  It  i s  now wel l  recognized 
t h a t  "soot" is n o t  a s ingu la r  ma te r i a l .  Besides cha rac t e r i z ing  t h e  
v a r i e t y  of soo t s  wi th  r e s p e c t  t o  composition, v o l a t i l e  con ten t ,  and 
s t r u c t u r e ,  ex t ens ive  e f f o r t s  have been devoted to determining condi- 
t i o n s  which promote t h e  development of soo t  i n  flames and i n  i n t e r n a l  
combustion engines .  Many s t u d i e s  have been repor ted  on t h e  e f f e c t s  o f  
i n h i b i t o r s ;  reviews abound (1). During t h e  p a s t  decade chemical kine- 
t i c s  i n v e s t i g a t i o n s  have p r o l i f e r a t e d  with t h e  hope of unraveling t h e  
mechanisms f o r  i t s  gene ra t ion ,  u l t ima te ly  to  permit c o n t r o l  of t h e  
types  and magnitudes of  soo t  emissions.  There is genera l  agreement on  
spec ie s  types  which i n i t i a t e  condensed aromatic r i n g  growth ( 2 ) :  t h e r e  
i s  s t i l l  disagreement a s  t o  whether ions  p l ay  a major r o l e ( 3 ) :  t h e r e  
is o v e r a l l  agreement on t h e  s p a c i a l  d i s t r i b u t i o n  of PAH i n  flames, a s  
measured mass spec t romet r i ca l ly  ( 4 ) :  composition c o n s t r a i n t s  on fue l /  
ox id i ze r  ra t ios  f o r  the incep t ion  of soo t ing ,  and t h e  temperature 
range i n  flames wherein soo t  appears a r e  s u f f i c i e n t l y  well-defined 
(5). 

In t h i s  r e p o r t  o u r  o b j e c t i v e s  a r e :  A. To c a l l  a t t e n t i o n  t o  t h e  
d i f f e r e n c e s  and the conceptual s i m i l a r i t i e s  between t h e  soot ing  pro- 
c e s s  and a k i n e t i c  model f o r  nucleation/condensation. B. L i s t  t h e  
types  of p recu r so r s  requi red  f o r  soot ing ,  and t h e  underlying experi-  
mental b a s i s .  C. Present  a minimal s e t  o f  r e a c t i o n s ,  w i t h  r a t e  con- 
s t a n t s ,  which model t h e  observed t ime evo lu t ion  of  condensed molecular 
s t r u c t u r e s  (soot p r e c u r s o r s ) .  This  list m u s t  incorpora te  a r e p e t i t i v e  
growth c y c l e  f o r  continued condensation. A s  a minimum, t h e  model m u s t  
s emiquan t i t a t ive ly  reproduce observed de lay  t imes f o r  t h e  o n s e t  of 
condensation. D. P resent  q u a l i t a t i v e  s p e c t r a l  d a t a  which support  C. 

A. The c h a r a c t e r i s t i c  k i n e t i c  f e a t u r e s  of a t y p i c a l  nucleation/con- 
densa t ion  mechanism (6) are :  ( a )  An i n i t i a l  b inary  a s s o c i a t i o n  se- 
quence which reaches  s teady  s t a t e  a t  some s m a l l  number ( n )  ( 7 ) :  

( A )  
A 1  + A 1  ___I A *  [ k l  : k - l l  

- - - - - - - _ _ _ _ _ _  
An-1 + An 

N o t e  t h a t  a t  th i s  s t age  t h e  r a t e s  of association/condensation a r e  
nea r ly  balanced f o r  each s t e p :  kn - l (Al )  .I k - ( n - l ) .  No ac t iva-  
t i o n  energ ies  a r e  involved: a s s o c i a t i o n  is  d r iven  by a decrease  i n  
enthalpy: d i s s o c i a t i o n  i s  favored by an almost equal  TAS term. This  
is followed by ( b ) ,  
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wherein s teady  s t a t e  i s  achieved by u n i d i r e c t i o n a l  flow, such t h a t  
kn+l (I k n ,  wi th  i n s i g n i f i c a n t  r e v e r s i b i l i t y .  Here t h e  en tha lpy  
f a c t o r  completely dominates. The magnitude of n a t  which t h i s  
"switch-over" occurs c h a r a c t e r i z e s  t h e  c r i t i c a l  s i z e  nucleus.  

The c o n t r a s t  with soot production from C/H fragments i s  s t r i k -  
ing .  The i n i t i a l  l ag  is  due t o :  ( a l )  t h e  r a t e  of py ro lys i s  of  t h e  
f u e l ,  t o  genera te  small  r e a c t i v e  fragments, gene ra l ly  r e fe r r ed  to  a s  
"ace ty l en ic  spec ie s" ,  and ( a  ) t h e i r  p a r t i a l  recombination to  [ i n  some 
cases  --- t h e  d i r e c t  production o f ]  aromatic r ing  r a d i c a l s ;  a c t i v a t i o n  
energ ies  con t ro l  t hese  s t eps .  Hence, minimal temperatures of -1500 K 
a r e  requi red .  I t  i s  l i k e l y  t h a t  a dynamic l o c a l  equi l ibr ium s i m i l a r  
t o  t h e  s teady  s t a t e  ( a ) ,  develops between these  small  h ighly  r e a c t i v e  
r a d i c a l s .  When adequate l e v e l s  of both types  of spec ie s  a r e  a t t a i n e d ,  
s t age  (6) follows; i . e .  an e s s e n t i a l l y  u n i d i r e c t i o n a l  growth sequence, 
wherein t h e  ace ty l en ic  spec ie s  add onto t h e  aromatic r a d i c a l s ,  i n  
analogy wi th  ( b ) .  Thus, t h e r e  occurs  a "switch-over' '  m i c h  has  t h e  
appearance of  a c a t a s t r o p h i c  onse t  of soot ing .  Since a t  a l l  t i m e s  i n  
( 6 )  t h e  d r iv ing  en tha lpy  f o r  growth i s  countered by an opposing TAS 
term, a t  some h igher  temperature t h e  l a t t e r  quenches soot ing  ((I 2100 
K ) .  Th is  accounts f o r  the  bell-shaped genera t ion  p r o f i l e  [ soo t  y i e l d  
- vs temperature] repor ted  by many observers .  

B. What are the  e s s e n t i a l  p recu r so r s  which ope ra t e  i n  reg ions  ( a l )  
and (a,)? Observa t ions ,  p rev ious ly  repor ted  f o r  shock tube  p y r o l y s i s  
s t u d i e s  o f  t e n  polycycl ic  a romat ics  ( E ) ,  guided our  choice of t h e  
smallest spec ie s  which have t o  be incorpora ted  i n  a minimal mecha- 
n i s m .  For shock du ra t ions  of (700 us, over t h e  temperature range 
1500-2200 K. ace ty l ene ,  t e t ramethylpentane ,  acenaphthene o r  acenaph- 
tha l ene ,  when ind iv idua l ly  pyrolyzed, y ie lded  i n s i g n i f i c a n t  amounts o f  
soo t .  However, any a l ipha t i c / a romat i c  combination under t h e  s a m e  
shock cond i t ions  produced copious amounts of soot .  C lea r ly ,  two types  
of molecular spec ie s  a r e  requi red  f o r  t h e  onse t  of soot ing .  I t  fo l -  
lows t h a t  one should a n t i c i p a t e  longer  de lays  when a s i n g l e  type  i s  
i n i t i a l l y  p re sen t  because of t h e  time requi red  t o  genera te  t h e  o t h e r  
type .  Schemat ica l ly ,  

2 

Kf I n i t i a t i o n  ( p y r o l y s i s )  - t small  fragments 

t k r  K i l t K - i  

Aromatic r ing  r a d i c a l s  + ace ty l en ic  spec ie s  
L 4 

s o o t  precursors  

The r e l a t i v e  magnitudes of K f  and K~ a r e  determined by the  Struc- 
t u r e s  of t h e  f u e l .  

C. Two sets of r e a c t i o n s  wi th  appropr i a t e  r a t e  cons t an t s  are l i s t e d  
i n  Tables I and 11, f o r  benzene and to luene ,  r e spec t ive ly .  W e  
at tempted t o  i d e n t i f y  t h e  sma l l e s t  number of e s s e n t i a l  s t e p s ,  not to  
l i s t  a l l  r eac t ions  which p l a u s i b l y  occur concurren t ly  with soo t  i n i t i -  
a t i on .  

i 
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C6H6: For t h e  benzene py ro lys i s  our f i n a l  se t  c o n s i s t s  of 18 
r e a c t i o n s  wi th  18 H/C spec ie s  (p lus  A r ) ,  al though a t  l e a s t  twice  t h a t  
number o f  r e a c t i o n s  and spec ie s  C301 were considered during t h e  pre- 
l iminary  c a l c u l a t i o n s .  Not included in  Table I a r e  in t e rmed ia t e  rad i -  
c a l  s t a b i l i z a t i o n  s t eps .  

W e  also t r e a t e d  t h e  add i t ion  of  ace ty lene  as a s i n g l e  s t ep :  

C 6 H 5  + C 2 H 2  --f C 8 H 5  + H 2 :  k 7  = 1 O l 3 e 7  exp(-2000/RT) 

r a t h e r  than  a two r eac t ion  sequence: 

C ~ H ~  + C Z H 2 - C 8 H 6  + H: k; = 

C 8 H 6  + H - + C B H 5  + H 2 :  k'; = 2x1013 exp(-6800/RT) 

The t y p i c a l  growth cyc le  i s  i l l u s t r a t e d  by 

A t  each cyc le  one r i n g  is  added and a new r a d i c a l  is  generated which 
r e p e a t s t h e  cyc le .  A s  r ing  condensation proceeds t h e r e  a r e  p o s s i b i l i -  
t i e s  f o r  a l t e r n a t e  rou te s  t o  y i e l d  o the r  observed products ,  f o r  exam- 
p l e  R12: it was included because biphenyl i s  a commonly found product,  
al though no f u r t h e r  r eac t ions  of biphenyl occur o the r  than t h e  r eve r se  
o f  i t s  formation. T h e  o the r  s t a b l e  molecular products  incorpora ted  i n  
th i s  mechanism a r e  C 2 H 2 ,  C 4 H 2 ,  H 1 0 C 1 8 ,  and C 2 ? H 1 2 .  It i s  necessary  to  
ass ign  an upper l i m i t  t o  t h e  l a r g e s t  spec ie s  incorpora ted  i n  t h e  com- 
pu te r  code: we chose C 2 2 H 1 2  which se rves  a s  a " s ink" .  T e s t s  show t h a t  
t h e  concent ra t ion / t ime p a t t e r n s  f o r  t h e  l a s t  t h r e e  s p e c i e s ,  f o r  any 
se l ec t ed  terminus,  remains e s s e n t i a l l y  unchanged when the  l a r g e s t  
assumed u n i t  w a s  v a r i e d  [C , ,  7 C2,, + C Z 2 ] .  C lea r ly ,  t h e  two-step 
growth sequence cont inues  u n t i l  t h e  system i s  quenched. 

K ine t i c  ca l cu la t ions ,  t o  model r a t e s  of production of  s o o t  precur- 
sors by p y r o l y s i s ,  were performed with t h e  Mitchell/Kee ( 9 )  shock 
k i n e t i c s  program. A l l  r eac t ions  were considered r e v e r s i b l e ,  wi th  
t h e i r  r e v e r s e  ra te  cons tan ts  c a l c u l a t e d  wi th in  the program by r e f l e c -  
t i o n  through t h e i r  equi l ibr ium cons tan t s .  Most of t h e  unavai lab le  
thermodynamic parameters w e r e  es t imated  by Benson's group c o n t r i b u t i o n  
r ec ipe .  

F igure  1 i s  a p l o t  of t h e  computed concentration-time p r o f i l e s  
f o r  1% C6H6 i n  argon, r e f l e c t e d  shock hea ted  t o  2120 K ( i n i t i a l ) .  
shows t h e  expected genera l  f ea tu re s .  During e a r l y  t imes t h e  mole 
f r a c t i o n s  of  H ,  C 2 H 2 .  C b H 2  and H 2  r i s e ,  t h a t  of C H 6  slowly d e c l i n e s  
and near ly  s t eady  s t a t e  concent ra t ions  of C 6 H 5  an8  C 8 H 5  develop. 
h igher  molecular weight products then  slowly begin  to grow, i n  se- 
quence o f  i nc reas ing  carbon conten t .  The t i m e  dependence of  t h e  i m -  
posed  cu t -of f  a t  C provides a measure of t h e  de l ay  t i m e  f o r  t h e  on- 
se t  of avalanche sd8t growth. 
drops  s h a r p l y  as d o  a l l  t h e  heavier  spec ie s  even though a l l  r eac t ions  

It 

The 

Note t h a t  a f t e r  a gradual d e c l i n e ,  C 6 H g  
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were t r e a t e d  r eve r s ib ly .  
(des igna ted  as t h e  soo t  i n i t l a t o r ) .  Eventua l ly ,  a f t e r  t h e  lower 
carbon conten t  spec ies  had passed through maximum l e v e l s ,  C 2 H Z ,  C , ' s  
and H z  dominate. 

A measure of  t h e  s e n s i t i v i t y  of t h i s  mechanism to  t h e  r a t e  con- 
s t a n t  f o r  i n i t i a t i o n  ( R l )  was obta ined  by using a value der ived  by 
r e f l e c t i o n  of Frenklach ' s  (1) es t ima te  f o r  t h e  r eve r se  of  R 1 ,  1 x 10l3 
mole/cc-sec. whereas t h e  curves i n  F ig .  1 were ca l cu la t ed  wi th  k l  
about a f a c t o r  of t e n  l a r g e r ,  a s  suggested by M. C .  Lin (10): it i s  
very  c l o s e  t o  t h e  va lue  repor ted  by F u j i i  and Asaba (11). A f a s t e r  
i n i t i a t i o n  r a t e  r e s u l t s ,  with a much e a r l i e r  appearance of heavy pro- 
duc t s  and cons iderably  more ex tens ive  ( even tua l )  d e s t r u c t i o n  of ben- 
zene. When t h e  one s t e p  phenyl r a d i c a l  decomposition (R5) was r e -  
p laced  by t h e  sequence: 

C Z p H l 2  ( t h e  te rmina l  spec ie s )  i n c r e a s e s  

C 6 H s  - H s C 6  ( l i n e a r )  ; kk= 2 . 4 ~ 1 0  l 2  exp(-58,800/RT) 

H 5 C 6  + C 4 H 3  + C 2 H 2  : kZ= 1 . 8 ~ 1 0 ' ~  exp(-40,000/RT) 

a d rama t i ca l ly  s l o w e r  dep le t ion  of a l l  t h e  l o w  molecular spec ie s  was 
ind ica t ed .  This  m e r i t s  f u r t h e r  i n v e s t i g a t i o n ,  poss ib ly  by d i r e c t  
assay  of t h e  time dependence f o r  appearance of  C 4 H 3 .  

The proposed mechanism is  s e n s i t i v e  t o  one more f e a t u r e  --- t h e  
i n i t i a l  concen t r a t ion  of C 2 H  . I f  one s t a r t s  a c a l c u l a t i o n ,  as f o r  
Fig.  1, b u t  with added C z H 2  ?mole f r a c t i o n  of 0.005).  the product ion  
--- of  a l l  the heavy products  1s s t r o n g l y  acce le ra t ed .  This accounts f o r  
our observa t ions  t h a t  soot formation from acenaphthene or 
acenaphthalene i s  s i g n i f i c a n t l y  acce le ra t ed  when C 2 H 2  [or te t ramethyl -  
pentane,  which r e a d i l y  produces C 2 H 2 ]  was included i n  t h e  i n i t i a l  
mixture.  

Two v a r i a t i o n s  of t h e  mechanism w e r e  found to  e x e r t  a moderate 
e f f e c t s  on the  r a t e  of heavy product formation. The C z H 2  a d d i t i o n  
sequence v i a  one s t e p , r a t h e r  than  two s t e p s ,  de l ays  somewhat t h e  
a p p e a r a n c e f  t he  f i n a l  product.  
t o r  of  100 makes a t  most a 15-20% change i n  heavy spec ie s  mole f r ac -  
t i o n s  a t  5 usec,  wi th  s l i g h t l y  l a r g e r  d i f f e r e n c e s  i n  C I 2 H l 0  and C 8 H 6  
concen t r a t ions  a t  e a r l i e r  t imes.  

Reducing t h e  va lue  of k 1 2  by a fac- 

F i n a l l y ,  s eve ra l  f a c t o r s  w e r e  found t o  have s l i g h t  or n e g l i g i b l e  
e f f e c t s .  These non-c r i t i ca l  f a c t o r s  i nc lude  d e l e t i o n  of  r a d i c a l  
s t a b i l i z a t i o n  s t e p s ,  incorpora t ing  an i n i t i a l  [ a r t i f i c i a l l y ]  high H 
atom concent ra t ion ,  t h e  value f o r  k 7  [ace ty lene  add i t ion  t o  phenyl],  
and t h e  inc lus ion  of  an a l t e r n a t e  i n i t i a t i o n  process :  

H + C 6 H 6  4 C g H 7 :  k; = 4 . 5 ~ 1 0 ~ "  exp(-4300/RT) 

k'; = 6 x l o 1 '  exp(-92,000/RT) C 6 H ,  + C 4 H 5  + C G 2 ;  

Reduction of Ea from 92 t o  80 kcal/mole f o r  t h e  second s t e p  had no 
e f f e c t .  S u b s t i t u t i n g  t h e  bimolecular r eac t ion :  

C 6 H 6  + C g H 6  + C 6 H 5  + C 6 H 7  : k'i = ( 5 ~ 1 0 ' ~ - 5 ~ 1 0 ' ~ )  exp(-85,000/RT) 

f o r  R1 f a i l e d  t o  provide  s u f f i c i e n t  r a d i c a l  spec ie s  fo r  t h e  p y r o l y s i s  
sequence to  proceed. 
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CI;H5CH3: The adequacy of o u r  min imal i s t  approach t o  develop a 
mechanism f o r  t h e  p recu r so r  s t age  of soo t ing  is i l l u s t r a t e d  by t h e  
ana lys i s  o f  our shock tube  d a t a  f o r  to luene .  The i n i t i a t i o n  s t e p s  
(Table 11) d i f f e r  from those  f o r  benzene ( s t e p s  1-6, Table I )  but 
t h e r e a f t e r  t h e  growth sequences a r e  t h e  same. Here a l s o  t h e  calcu- 
l a t ed  and observed de lay  t imes a r e  i n  accep tab le  agreement. Six 
add i t iona l  spec ie s  m u s t  be included ( C p , :  C 7 H 7 :  C 3 H 3 :  CH3;  CH,, and 
C H ) .  Reactions T 1, 2 ,  4 ,  5 and 6 w e r e  taken from Mizerka and 
K?eier ( 1 2 ) .  The combined e f f e c t  of r eac t ions  T2 ,  T3, and T 8  is t o  
generate r a p i d l y  s i g n i f i c a n t  concen t r a t ions  of C 6 H 5  and C6H6.  
e f f o r t  was made to  determine which r eac t ion  pa th  is  most e f f e c t i v e .  
A t  temperatures around 1800°K and h igher  T2 is  a s i g n i f i c a n t  pathway 
f o r  t h e  i n i t i a l  breakup of to luene .  The r a t e  cons tan t  fo r  T3 was 
assumed t o  be (1/4) t h a t  f o r  T4, and both  a r e  exothermic. T7 is  a 
reasonable s ink  f o r  C H 3  Fadica ls ,  while t h e  recombination of C $ 1 3 ' s  
ET81 main ta ins  t h e  r e a c t i o n  sequence a l i v e  i n  a simple fash ion .  A l l  
t h e  i n i t i a l l y  es t imated  r a t e  cons t an t s  were used i n  t h e  c a l c u l a t i o n s  
without subsequent adjustments.  The p o s s i b i l i t y  t h a t  t h e r e  a r e  s t e p s  
i n  the  sequence T 1 4  which a r e  not e s s e n t i a l  f o r  t h e  "minimal" mecha- 
nism w a s  no t  f u l l y  t e s t e d :  it appears t h a t  T7 could be dropped. 

No 

Our conclus ion  i s  t h a t  a few a d d i t i o n a l  s t e p s  added t o  t h e  s i m -  
p l i f i e d  mechanism proposed f o r  benzene, can account i n  a q u a n t i t a t i v e  
way f o r  many f e a t u r e s  of t h e  py ro lys i s  of a romat ics ,  i n  genera l .  For 
soot product ion ,  t h e  major pathways a r e  ev ident  and inhe ren t ly  reason- 
ab le .  

D. What exper imenta l  evidence e x i s t s ,  o r  can be  developed, t o  suppor t  
t h e  above proposa ls?  Other than d i r e c t  m a s s  spec t romet r ic  de t ec t ion  
of PAH, one must look f o r  some i n  s i t u  d i agnos t i c  technique. Absorp- 
t i o n  and f luo rescence  s p e c t r a  ( g  =ind ica t ed ,  but t h e r e  a r e  obvious 
l i m i t a t i o n s .  T h e  samples c o n s i s t  of complex brews, cha rac t e r i zed  by 
superposed broad s p e c t r a l  bands. Thus, t h e r e  is l i t t l e  l ike l ihood  
t h a t  one could  i d e n t i f y  s p e c i f i c  spec ie s .  B u t ,  we a r e  concerned w i t h  
molecular types: t h e  saving f e a t u r e  is t h e  absence of  oxygen or 
n i t rogen  chromophoric s t r u c t u r e s .  The recorded spec t r a  i n  t h e  near 
uv, v i s i b l e  and down t o  the  near i n f r a r e d  must arise from condensed 
polycycl ic  a romat ics ,  e i t h e r  t h e  s t a b l e  spec ie s ,  a s  repor ted  i n  t h e  
l i t e r a t u r e  ( 1 2 )  or t h e i r  r a d i c a l s .  T o  d i s t i n g u i s h  between genera l  
t u r b i d i t y  and c h a r a c t e r i s t i c  absorp t ions ,  one should measure t h e  
temporal wavelength dependence of l i g h t  loss on passage through t h e  
r e a c t i n g  medium, and i t s  dependence on temperature.  Also,  a cond i t ion  
f o r  the adequacy of a minimal mechanism is t h a t  it c o r r e c t l y  p r e d i c t  
t h e  temperature dependence of  t h e  t i m e  de l ays  of  t h e  growth of  con- 
densed po lycyc l i c  aromatics.  

EXPERIMENTAL 

Since  a l a r g e  diameter shock tube  was not a v a i l a b l e  t o  measure 
t h e  t i m e  dependent s p e c t r a  t r anve r se  to  t h e  shock flow, we had t o  re- 
s o r t  t o  record ing  i n t e g r a t e d  absorp t ion  s p e c t r a  by passing t h e  probing 
beam a x i a l l y  along t h e  shock d i r e c t i o n .  The d a t a  were reso lved  by 
imposing an a d d i t i o n a l  i n t e g r a t i o n  s t e p  i n  t h e  ana lys i s .  A 1" I.D. 
stainless s t e e l  shock tube  (F ig .  2a) was f i t t e d  with a clear p l a s t i c  
end-wall a t  t h e  d r i v e r  s ec t ion :  a qua r t z  window and f i l t e r  terminated 
t h e  test s e c t i o n .  A He/Ne l a s e r  beam (6328 A ) ,  d i r e c t e d  along t h e  
a x i s  o f  t h e  tube ,  w a s  aimed a t  a small  ape r tu re  i n s e r t e d  between t h e  
quartz end p l a t e  and t h e  narrow band pass  f i l t e r .  The phototube o u t -  
p u t  was recorded simultaneously wi th  t h e  output  of two p res su re  t r a n s -  
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ducers  l oca t ed  1 c m  and 11 cm from t h e  downstream end. In l a t e r  
experiments t h e  l a s e r  was replaced by a X e  lamp and t h e  phototube by a 
monochromator/linear a r r ay  of  d iodes  f o r  scanning o the r  reg ions  of t h e  
spectrum (Fig .  2b) .  

The s i g n a l s  from t h e  piezo-gauges allow eva lua t ion  of t h e  shock 
speed and dwell  t i m e .  Since t h e  gas  a t  d i f f e r e n t  i n i t i a l  p o s i t i o n s  
along t h e  tube  i s  heated f o r  d i f f e r e n t  l eng ths  of  t i m e ,  t h e  ex ten t  o f  
l i g h t  absorp t ion  ( o r  s c a t t e r i n g )  m u s t  be in t eg ra t ed  along the  e n t i r e  
tube  length .  Let A n ( x ; t ' )  be t h e  ins tan taneous  concent ra t ion  of  t h e  
,th absorbing spec ie s ,  where t '  = tw - x / u r ;  tW is t h e  labora- 
t o r y  t i m e  f o r  shock r e f l e c t i o n  a t  t h e  qua r t z  window, x i s  t h e  r e t u r n  
d i s t a n c e  from t h e  window a t  t h e  l o c a t i o n  of  t h e  r e f l e c t e d  shock, and 
ur t he  r e f l e c t e d  shock speed. Then, t h e  recorded l i g h t  loss is: 

Here we assumed t h a t  n o  chemical process ing  and no absorp t ion  ( a t  the 
probing wavelength) occurs dur ing  the  inc iden t  shock. 

Ref lec ted  shock tempera tures  ranged from 1400'K t o  2200°K, and 
were c o n t r o l l e d  by varying both t h e  i n i t i a l  p re s su re  of  t h e  test gas  
and the  diaphragm th ickness .  Residence t imes  w e r e  gene ra l ly  about 700 
,,set, followed by a rap id  quench due t o  expansion. Analysis by g .c .  
o f  t h e  shock heated samples (both  gas  phase and condensable s p e c i e s )  
i nd ica t ed  t h a t  dur ing  t h e  t e s t  time t h e  products  had not achieved 
t h e i r  equi l ibr ium concent ra t ions  a t  t h e  r e f l e c t e d  shock tempera tures .  

I. The molecular spec ie s  which s t r o n g l y  absorb red l i g h t  ( H e / N e )  
appear a f t e r  an extended induct ion  per iod  which is  tempera ture  depen- 
dent .  [Typical shapes are i l l u s t r a t e d  by t h e  curves i n  Fig. 3b . l  I n  
t u r n ,  t h e s e  absorbers  a r e  removed by continued condensation. Hence 
t h e  i n i t i a l  f l a t t e n i n g  and the subsequent s l o w  growth o f  absorp t ion .  
We noted t h a t  s u b s t a n t i a l  l i g h t  loss occurred even i n  some cases  where 
l i t t l e  soot  was produced. Curves of l n ( I / I  ) vs  t (co r rec t ed  f o r  
emission) w e r e  sigmoidal and o f t e n  s a t u r a t e $  a t  I > O .  We presume t h a t  
t h e  recorded l i g h t  loss was due p r imar i ly  t o  absorp t ion  by t r a n s i e n t  
spec ie s ,  which a r e  p recu r so r s  of  soo t  p a r t i c l e s ,  and to a l e s s e r  ex- 
t e n t  by s o o t ,  which forms dur ing  t h e  l a t e r  s t a g e s  of the experiment. 
The absorbing spec ie s  a t  ~ 6 3 2 8  m u s t  be  condensed r ing  e n t i t i e s ,  such 
as t h e  para sequence of t h e  acene s e r i e s  ( 1 2 ) ,  and/or r a d i c a l s  o f  
s i m i l a r  s t r u c t u r e  (F ig .  4 ) .  -the 2% runs, t h e  concent ra t ion- t ime 
p r o f i l e s  f o r  C 2 0 H  11 [designated a s  t h e  r e p r e s e n t a t i v e  absorber  of 
a63281 w e r e  i n t eg ra t ed ,  per eq. [l]. These curves show a l l  t h e  s a l i -  
en t  f e a t u r e s  o f  t h e  recorded ( I / I o )  t r a c e s ,  i .e .  t h e  sigmoid shape 
following a de lay ,  a r e l a t i v e l y  sha rp  r i s e  and a slow approach t o  
s a t u r a t i o n .  The computed t imes se l ec t ed  f o r  minimal d e t e c t i o n  o f  
abso rp t ion  ( a t  3x no ise  l e v e l )  check q u i t e  w e l l  with the measured 
va lues  (Table 111). 

I 11. Absorption curves  over a range o f  wavelengths (400-800 nm) were 
obta ined  wi th  the  second experimental  conf igu ra t ion  ( F i g .  2b) .  Typi- 
c a l  time/wavelength s p e c t r a  a t  two extremes a r e  shown i n  Fig.  3a and 
Fig .  3b. N o  s i g n i f i c a n t  d i f f e r e n c e s  appear over a s p e c t r a l  range o f  
20 nm. However, t h e r e  are c l e a r ,  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  
s p e c t r a l  scans  a t  811 and 392 nm. F i r s t ,  t h e  de l ay  t i m e s  a r e  s h o r t e r  
and t h e  r ise  times a r e  f a s t e r  f o r  t h e  same shock.speedg, i n d i c a t i n g  
more r ap id  r a t e s  . fo r  genera t ing  the smal le r  spec ie s  whlch absorbed 
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near t h e  uv, compared with t h e  much longer de l ay  t imes  f o r  t h e  appear- 
ance o f  t h e  l a r g e r  spec ie s ,  which absorb i n  t h e  near i n f r a red .  
Second, a t w o  s t e p  process  appears a t  800 nm, where t h e  i n i t i a l  r e l a -  
t i v e l y  f a s t  r ise  i s  followed by a slower continued inc rease  i n  absorp- 
t i o n ,  demonstrating subsequent growth, s i n c e  t h e  absorp t ion  edge con- 
t i n u e s  t o  move toward t h e  longer wavelength. 

Two t y p e s  o f  information a r e  presented  by these  p l o t s  ( recorded  
a t  100 nm i n t e r v a l s ,  400-800 nm): de lay  t i m e s  ( t i )  which measure 
induct ion  t imes f o r  t h e  development of absorbing spec ie s ,  and rise 
times [ ( t f - t i ) / 2 ] ,  which a r e  mean inve r se  r a t e s  of production of 
t hese  spec ie s .  For any s p e c i f i e d  shock temperature ( T 5 ) ,  a p l o t  o f  
ti E mean has  a p o s i t i v e  s lope ,  as expected f o r  a s equen t i a l  
growth of abso rbe r s  with lead ing  edges progress ing  toward t h e  red .  
For any s p e c i f i e d  A ,  ti is  longer  t h e  lower the shock speed ( T 5 ) .  

t hese  experiments,  the ha l f - t imes  f o r  a t t a i n i n g  the  f i r s t  s a t u r a t i o n  
l e v e l  do not permi t  us t o  determine whether t h e  g loba l  process i s  
f i r s t  o r  second o rde r .  However, graphs of In ku I l o 6  l n 2 / t l / 2 , @ )  
- vs l / T 5  (F ig .  5 )  c l e a r l y  show nes t ing  of  p o i n t s  f o r  t h e  sequence o f  
A ' S ,  as expec ted ,  assuming t h a t  t he  lead ing  edges of  t h e  absorp t ion  
curves measure t h e  l a r g e r  u n i t s  a t  longer  wavelengths. A t  any T 5 ,  the  
k u ' s  are c o n s i s t e n t l y  l a r g e r  when der ived  from 400 nm t r a c e s  
compared w i t h  800 run t r a c e s .  

Because of t h e  r e s t r i c t e d  range o f  f i n a l  d e n s i t i e s  covered i n  
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TABLE I 

MINIMAL MECHANISM ( C  6H 6) log  A E o ( c a l  mole-’) Ref.  

i 

1. 
2.  
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

C ~ H ~  = c H + n 
C 2 H  + C6A6’= C 6 H s  + C 2 H 2  
C ~ H ~  + c 2 n 2  = c 4 n 3  + n 
C 6 H 5  = C 4 H 3  + C 2 H 2  c 4 n 3  = c 2 n 2  + C ~ H  
C , , H ~  + A r  = A r  + C 4 H 2  + n 
c 6 n 5  + C ~ H ~  9 c a n 5  + n 2  

c10n7  + C ~ H ~  = c 1 2 n 7  + n 2  ‘8‘5 ‘2’2 - ‘10H7  

C 1 2 H 7  + ‘2’2 = ‘lsH9 
‘ 1 h H 9  + C2H2-=CC16H9 ‘2 
‘6’5 + ‘6’6 - 

C 1 6 H 9  -k ‘2’2 = ‘ l a H 9  ‘2 

12H10 + 

c ~ ~ H ~  + c 2 n 2  = H ~ ~ c ~ ~  + n 

C 1 a H 9  + C 2 H 2  = C 2 0 H 1 1  
C 2 0 H 1 1  + C 2 H 2  = C 2 2 H 1 2  + 

H2 + A r  = H + H + A r  
c6n6 + H = c,p5 + n 2  

15.7 
13.3 
12.3 
14.8 
10.76 
16.0 
13.7 
13.0 
13.0 
13.0 
13.0 
11.0 
12.74 
13.0 
13.0 
12.74 

13.3 
(12.08)T1’2 

108000. 
0.00 

65000. 
82800. 
52500. 
45000. 
2000.0 

2000.0 

2000.0 
11000. 
10000. 
2000.0 

10000. 
92600. 

6600. 

0.00 

0.00 

0.00 

10 
2 
a 
b 
2 

2 
2 
2 
2 
2 
d 
e 
2 
2 
e 

C 

C 
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I Footnotes  for TABLE I 

Eo=A€lreaction = 67.4 kca l  mole-' ? r a the r  than  54 kca l  mole-l) .  

Combustion, The Combustion I n s t i t u t e ,  P i t t sbu rgh  (1971). p.155. 

Values o f  A a r e  those  given i n  ( 2 1 ,  bu t  with se l ec t ed  E o ' s .  

a .  J. Warnatz, Ber. Bunsenfese l l .  Ph s.  Chem. 1983, 87. 1008 but 

b. T. Asaba and N. F u j i i ,  13 th  Symposium ( I n t e r n a t i o n a l )  on 

c .  

d. A s l i g h t l y  ad jus t ed  va lue  based on --- C. T. Brooks, S. J. 
Peacock and B. G. Renber, J. Chem. SOC. Farad .  Trans.  I ,  1979, 
- 75, 652 and r e f .  ( b )  . 

e .  Based on t h e  r eac t ion :  

- 
T 1  
T 2  
T3 
T4 
T5 
T6 
T7 
T 8  

For (13) and (16)  w e  assumed a somewhat lower A va lue  and 
i n s e r t e d  E p  - 10 k c a l  mole-', because i n  these  t h e  H atom is  l o s t  
from the r i n g  r a t h e r  than from t h e  added moity ( C $ 1 2 ) .  

TABLE I1 
I n i t i a t i o n  S teps  f o r  Toluene 

MINIMAL MECHANISM ( C  6H &H 3 )  

c7na  = c,n7 + n 
H + c7na6='c,p5 + CH,, 
H + c7n8 = c 7 n 7  + n 2  
c7n,  = C ~ H ~  + ~ c ~ H ~  
c7n ,  + H = c n 3  + c4n3 + n 2  
C 2 H 6  + A r  = JCH3 + A r  
C 3 H 3  + C 3 H 3  = C 6 H 6  

C,Ha = C H + C H 3  

EO 
log A ( c a l  mole-') 

12.9 72,600 
11.6 90,000 

I+ 4109 T 2,100 
1.6+ 41og T 2,100 

14.0 84,800 
14.65 80,000 
14.6 88,400 
13.0 - 

Ref. 

9 
9 

es t imated  
9 
9 
9 

estimated 
es t imated  

TABLE I11 
Experimental Condition f o r  Representa t ive  Shocks 

p1 a1 p5x103 E x p ' t l  Calc 

2 . 0 %  to luene  110 .a93 1612 1.93 340 320 

Composition ( T o r r )  ( m / u s e c )  T 5 ( ' K )  (g / cc )  A t (  usee) A t (  usec) -- 
95 .943 1700 1.64 100 
85 .962 1725 1.82 70 
65 1.02 1812 1.37 40 50 

2.0% benzene 85 .926 1767 1.41 240 240 
95 .926 1767 1.55 380 
85 .926 1767 1.41 360 
65 .980 1910 1.51 50 60 
65 1.00 1950 1.56 50 40 

p (Torr): t o t a l  p re s su re  of f u e l  p lus  A r :  At(uSeC)iS i n t e r v a l  between 
t i e  onse t  of t h e  r e f l e c t e d  shock and t h e  t o e  of the abso rp t ion  trace. 
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Figure 4. Absorption spectra in 
the phene series 

p 4 . 2 -  
* 

*I 

P 4 . 0 -  

2. 

E 
$ 3 . 8 .  

-* 
ID 
d 

3.6. 

-1.3 

104IT - \ 
.1.5 I I I I I 

5 . 1  5 . 3  5 . 5  5 . 7  5 . 9  6 . 1  

[A)-- 
Absorption spectra of 
the acene series 

0 400 nm - 

104IT - 
I 1 I I I 

5 . 2  5 . 4  5 . 6  5 . 8  6.0 6 . 2  

Figure 5a. The delay time for onset of absorption is the 
reciprocal of a mean bimolecular rate constant 
(arbitrary units) which decreases with the size 
of the absorbing units. The largest absorbers 
(at 800 nn) require a larger activation energy. 

Figure 5b. The mean half-times for generating the larger 
absorbers increases with increasing size. The 
800 nm absorbers require a larger activation 
energy (%30 kcalfmole) compared to those which 
absorb at 400nm (%24 kcallmole). 
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